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ABSTRACT Protein kinase C, purified to homogeneity,
was found to phosphorylate and activate tyrosine hydroxylase
that had been partially purified from pheochromocytoma PC
12 cells. These actions of protein kinase C required the pres-
ence of calcium and phospholipid. This phosphorylation of ty-
rosine hydroxylase reduced the K. for the cofactor 6-methyl-
tetrahydropterine from 0.45 mM to 0.11 mM, increased the K;
for dopamine from 4.2 jIM to 47.5 pjM, and produced no
change in the Km for tyrosine. Little or no change in apparent
V. was observed. These kinetic changes are similar to those
seen upon activation of tyrosine hydroxylase by cAMP-depen-
dent protein kinase. Two-dimensional phosphopeptide maps of
tyrosine hydroxylase were identical whether the phosphoryl-
ation was catalyzed by protein kinase C or by the catalytic
subunit of cAMP-dependent protein kinase. Both protein ki-
nases phosphorylated serine residues. The results suggest that
protein kinase C and cAMP-dependent protein kinase phos-
phorylate the same site(s) on tyrosine hydroxylase and activate
tyrosine hydroxylase by the same mechanism.

Nerve stimulation and neurotransmitters have been demon-
strated to accelerate catecholamine biosynthesis in central
and peripheral nervous tissue, adrenal medulla, and pheo-
chromocytoma cells (1-4). This acceleration is thought to re-
sult from an increase in the catalytic activity of tyrosine hy-
droxylase (tyrosine 3-monooxygenase, EC 1.14.16.2) (cf.
ref. 5), the rate-limiting enzyme in the biosynthesis of cate-
cholamines (6). Several lines of evidence have suggested that
cAMP-dependent phosphorylation may be one means of ac-
tivation of tyrosine hydroxylase in situ (cf. ref. 7 and refer-
ences therein). Analogues of cAMP have been reported to
accelerate catecholamine biosynthesis in intact tissue prepa-
rations (8-11). In broken cell preparations, tyrosine hydrox-
ylase has been shown to be activated, in the presence ofATP
and Mg2', by cAMP or cAMP-dependent protein kinase
(e.g., see refs. 8 and 12). Finally, purified tyrosine hydroxyl-
ase has been shown to be phosphorylated and activated by
purified cAMP-dependent protein kinase (13-15).
Recent evidence has suggested a role for calcium as well

as cAMP in the activation of tyrosine hydroxylase in situ (16,
17). It therefore seemed important to analyze the potential
role of calcium-dependent protein kinases in the regulation
of tyrosine hydroxylase activity. We report here that puri-
fied protein kinase C phosphorylates and activates partially
purified tyrosine hydroxylase, in a manner similar to cAMP-
dependent protein kinase.

MATERIALS AND METHODS
Materials. Fresh bovine brains were obtained from a local

slaughterhouse. The PC 12 clonal rat adrenal medullary
pheochromocytoma line (18, 19) was grown as previously
described. The catalytic subunit of cAMP-dependent protein
kinase (20) and calcium/calmodulin-dependent protein ki-
nase 1 (21) were purified as described. Calcium/calmodulin-
dependent protein kinase II was a gift from Yvonne Lai and
Teresa McGuiness. Calmodulin was purified as described
(22). Walsh inhibitor was purified by a modification of the
published procedure (23).

Other reagents and enzymes were obtained from the fol-
lowing commercial sources: H1 histone (III-S), catalase, bo-
vine serum albumin, bovine brain L-a-phosphatidyl-L-serine,
diolein, dithioerythritol, EGTA, Tris, and ATP (Sigma); leu-
peptin (Chemicon, El Segundo, CA); DL-6-methyl-5,6,7,8-
tetrahydropterine (6-MePH4) and dopamine (Calbiochem-
Behring); L-tyrosine and 20 x 20 cm cellulose thin-layer
chromatography plates (Eastman); EDTA and 2-mercapto-
ethanol (Baker); Ag 50W-X8 cation-exchange resin (200-400
mesh, dry, hydrogen form), and Bio-Rex 9 anion-exchange
resin (200-400 mesh, dry, chloride form) (Bio-Rad); trypsin
and chymotrypsin (Worthington); L-[3,5-3H]tyrosine and [-
32P]ATP (New England Nuclear). All other chemicals used
were reagent grade.

Purification of Tyrosine Hydroxylase. Tyrosine hydroxyl-
ase was partially purified as described (13), from the cytosol
of cultured PC 12 pheochromocytoma cells, by two cycles of
(NH4)2SO4 fractionation (80% and 25-35% saturation) and
Sepharose 4B chromatography. At this stage of purification,
the Mr 62,000 subunit of tyrosine hydroxylase constituted
approximately 75% of the total protein present (estimated
from Coomassie blue protein stain of a NaDodSO4/8% poly-
acrylamide gel) (Fig. 1A). An Mr 60,000 band, a proteolytic
product of the Mr 62,000 subunit, was also present. The spe-
cific activity of the fresh preparation, when measured at pH
6.0, was 0.12 ,umol of dopa formed per min per mg of pro-
tein. The protein was stored at -70'C for up to 3 months
before use.

Purification of Protein Kinase C. Protein kinase C was pu-
rified from bovine cerebral cortex, using a modification (un-
published results) of the procedure of Kikkawa et al. (24) by
chromatography on DEAE-cellulose, hydroxylapatite, blue
agarose, and phenyl-Sepharose. The final peak of enzyme
activity ran as a single protein band (Mr, 87,000) on Na-
DodSO4/8% polyacrylamide gel electrophoresis. The specif-
ic activity with H1 histone as substrate was 2.87 ,mol of 32p
incorporated per min per mg of protein, and the kinase was
stored in 25% (vol/vol) ethylene glycol under liquid nitrogen.

Abbreviation: 6-MePH4, 6-methyltetrahydropterine.
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activity. This reaction mixture (final volume, 110 ,u4) con-
tained (final concentrations) 200 mM sodium phosphate
buffer (pH 7.0), 0.1 mM 6-MePH4, 100 ALM L-[3,5-3H]tyro-
sine (specific activity, 1 ,tCi/4 nmol), 800 units of catalase,
and 90 mM NaF. The reaction was carried out for 5 min at
370C and terminated by the addition of 200 Aul of 0.1 M
NaOH. The stopped reaction mixture was passed through an
ion-exchange column (0.1 x 1.5 cm) consisting of equal vol-
umes of anion-exchange resin (Bio-Rex 9, upper layer) and
cation-exchange resin (Ag 50W-X8, lower layer). The col-
umn was washed with 0.5 ml and 1.0 ml of water. Tritiated
water was measured in the flow-through by liquid scintilla-
tion counting.

Additional Methods. Two-dimensional peptide mapping
was performed as described (28), except that chymotrypsin
(50 ,g/ml) was used in addition to trypsin (75 ,pg/ml). Pro-
tein determination was performed by the method of Peterson
(29) with bovine serum albumin as standard.
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FIG. 1. (A) Coomassie blue protein stain of the partially purified
tyrosine hydroxylase preparation (9.2 jig). (B) Autoradiogram show-
ing calcium/phospholipid-dependent phosphorylation of tyrosine
hydroxylase by protein kinase C. The standard phosphorylation re-
action mixture was used with the following modifications: 21.6 ,g of
tyrosine hydroxylase and 2.4 ng of protein kinase C were used, and
calcium (0.5 mM free) and phosphatidylserine (5 ,g/100 ,ul)/diolein
(0.1 ,g/100 ,ul) were present as indicated. The reaction was initiated
by the addition of [y32P]ATP (final concentration, 10 ,M; specific
activity, 15 x 103 cpm/pmol) and carried out for 2 min. TH, tyrosine
hydroxylase. Positions of size markers are shown in kilodaltons.

Measurement of Tyrosine Hydroxylase Phosphorylation.
The standard reaction mixture (final volume 100 ,ul) con-
tained 20 mM Tris HCl at pH 7.4, 10 mM magnesium ace-
tate, 1.0 mM EGTA, 1.5 mM CaCl2, 5 Ag of phosphatidylser-
ine/0.1 ,g of diolein, 2 mM dithioerythritol, 50 ,g of bovine
serum albumin, 10 ,g of leupeptin, and 18 ,ug of tyrosine
hydroxylase, in the absence or presence of 72 ng of protein
kinase C. The reaction was initiated by the addition of [y-
32P]ATP (final concentration, 500 AM; specific activity, 175
cpm/pmol) and carried out for 15 min at 30°C. The reaction
was terminated by the addition of 20 Al of NaDodSO4 stop
solution [20% (vol/vol) glycerol/10% (wt/vol) NaDod-
S04/10% (wt/vol) 2-mercaptoethanol/0.25 M Tris HCl, pH
6.7, containing a trace of bromophenol blue] and heating in a
boiling water bath for 5 min.
The samples were electrophoresed on NaDodSO4/8%

polyacrylamide gels by the method of Laemmli (25). The gels
were stained, destained, dried, and subjected to autoradiog-
raphy as described (26). The phosphorylated Mr 62,000/
60,000 tyrosine hydroxylase doublet was located by autora-
diography and excised, and the radioactivity was quantitated
by liquid scintillation counting.
Measurement of Tyrosine Hydroxylase Activity. Tyrosine

hydroxylase activity was measured by a two-step assay. In
the first step (preincubation), the standard phosphorylation
reaction was carried out as described above, except that
nonradioactive ATP was used and that the phosphorylation
reaction was terminated by the addition of 10 ,ul of 250 mM
EDTA. To initiate the second step (incubation) (27), two ali-
quots (50 ,l each) of the stopped phosphorylation mixture
were immediately added to tubes containing the standard re-
action mixture for the measurement of tyrosine hydroxylase

RESULTS
Phosphorylation of Tyrosine Hydroxylase by Protein Kinase

C. In the presence of calcium, tyrosine hydroxylase was
phosphorylated by protein kinase C in a phosphatidylserine/
diolein-dependent manner (Fig. 1B). The maximum stoichi-
ometry achieved with this preparation of tyrosine hydroxy-
lase was about 0.5 mol of 2p per mol of Mr 62,000/60,000
doublet (data not shown). The phosphorylation of tyrosine
hydroxylase was compared with that of H1 histone, one of
the most effective substrates for protein kinase C (30). Un-
der identical conditions, incorporation of 32p into H1 histone
was about twice that into tyrosine hydroxylase (data not
shown).
Measurement of Phosphorylation and Activity of Tyrosine

Hydroxylase in the Absence and Presence of Protein Kinase C.
The phosphorylation and activity of tyrosine hydroxylase
were measured in parallel by the standard two-step assay, in
which phosphorylation was carried out in the first step and
tyrosine hydroxylase activity was measured in the second
step. In the presence of protein kinase C, the phosphoryl-
ation of tyrosine hydroxylase increased with time and
reached a plateau after about 20-30 min (Fig. 2A). Addition
of a second aliquot of protein kinase C at 40 min resulted in a
further increase in phosphorylation, indicating that the first
plateau was attributable to inactivation of the kinase. In ex-
periments in which basal phosphorylation of tyrosine hy-
droxylase was measured, it constituted less than 20-25% of
the phosphorylation seen in the presence of protein kinase C
during the first 15 min of preincubation; this basal phospho-
rylation was not affected by the addition of calcium, phos-
pholipid, calmodulin, or Walsh inhibitor, an inhibitor of
cAMP-dependent protein kinase (data not shown).

Tyrosine hydroxylase activity in the presence of protein
kinase C increased along with phosphorylation up to 15 min
(Fig. 2B), after which there was a sharp decline in activity.
Addition of a second aliquot of protein kinase C at 40 min did
not restore activity. A decrease in activity with increasing
time of phosphorylation has also been reported in studies
with cAMP-dependent phosphorylation of tyrosine hydrox-
ylase (e.g., see ref. 31) and has been attributed to an in-
creased susceptibility to denaturation of the phospho form of
the enzyme relative to the dephospho form (32). There was
little or no change in tyrosine hydroxylase activity as a func-
tion of time of preincubation in the absence of protein kinase
C (Fig. 2B).

Effect of Phosphorylation of Tyrosine Hydroxylase on Its
Affinity for 6-MePH4. The Km for 6-MePH4 was determined
for tyrosine hydroxylase in the absence and presence of pro-
tein kinase C by the standard two-step assay except that the
concentration of 6-MePH4 was varied from 0.1 mM to 1.0
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FIG. 2. Time course of phosphorylation (A) and activation (B) of
tyrosine hydroxylase by protein kinase C. (A) The first step of the
standard assay (the preincubation step to phosphorylate tyrosine hy-
droxylase) was carried out with [y.32P]ATP (specific activity, 175
cpm/pmol) at 30°C for the times indicated and was terminated by the
addition of 20 ,ul of NaDodSO4 stop solution. After gel electrophore-
sis, the Mr 62,000/60,000 tyrosine hydroxylase doublet, located by
autoradiography, was excised, and the radioactivity was quantitated
by liquid scintillation counting. (B) The first step (preincubation) of
the standard assay was carried out with nonradioactive ATP at 30°C
for the times indicated, followed by the second step (incubation) at
37°C for 5 min. Each point represents the mean of duplicate sam-
ples. *, In the presence of protein kinase C; o, in the absence of
protein kinase C; 4, addition of a second aliquot of protein kinase
C.

mM. The Km for 6-MePH4 was 0.45 mM in the absen'ce of
protein kinase C and 0.11 mM in the presence of protein ki-
nase C (Fig. 3). There was no change in Vm,,x.

Effect of Phosphorylation of Tyrosine Hydroxylase on Its
Affinity for Tyrosine. The Km for tyrosine was determined
for tyrosine hydroxylase in the absence and presence of pro-
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tein kinase C by the standard two-step assay except that the
concentration of tyrosine was varied from 10 to 100 AuM, and
the second step was carried out for 6 min. Protein kinase C
did not significantly alter the Km value for tyrosine, but it did
cause a 30% increase in apparent Vmax (data not shown).
This small increase in Vma, probably resulted from the in-
creased affinity for 6-MePH4 (see above), which was subsat-
urating in these assays.

Effect of Phosphorylation of Tyrosine Hydroxylase on Its
Susceptibility to Inhibition by Dopamine. The K1 for dopa-
mine inhibition of tyrosine hydroxylase activity in the ab-
sence and presence of protein kinase C was determined by
the standard two-step assay with the following exceptions:
the first step was carried out for 13 min and the second step
for 6 min; dopamine concentration was varied from 2 to 80
AuM; two concentrations of 6-MePH4 (0.1 and 1.0 mM) were
used; and the second step was carried out at pH 6.0 rather
than 7.0, because tyrosine hydroxylase activity at pH 7.0 in
the absence of protein kinase C was too low to obtain a reli-
able inhibition curve. A Dixon plot of the data yielded
straight lines, except for the plus kinase data at 0.1 mM 6-
MePH4, which could be resolved into two straight lines (Fig.
4). In the absence of protein kinase C, the Ki for dopamine
was calculated to be 4.2 ,uM. On the basis of the data ob-
tained with the higher dopamine concentrations (Fig. 4 Low-
er, extrapolated broken line), the K, was calculated to be
47.5 AM in the presence of protein kinase C. On the basis of
the data obtained with the lower concentrations of dopa-
mine, the Ki was calculated to be 4.7 ,uM in the presence of
protein kinase C. We attribute these latter data to the pres-
ence of the dephospho form of tyrosine hydroxylase in the
protein kinase C-treated preparation of the enzyme.
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FIG. 3. Lineweaver-Burk plot of tyrosine hydroxylase activity
as a function of 6-MePH4 concentration, in the presence (e) and in
the absence (o) of protein kinase C. Each point represents the mean
of duplicate samples.
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FIG. 4. Dixon plots of tyrosine hydroxylase activity as a func-
tion of dopamine and 6-MePH4 concentrations, in the absence (up-
per panel) and presence (lower panel) of protein kinase C. The stan-
dard assay was carried out at the indicated concentrations of dopa-
mine and 6-MePH4 for 6 min. Each point represents the mean of
duplicate samples.
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FIG. 5. Autoradiograms showing tryptic/chymotryptic phosphopeptide maps of tyrosine hydroxylase phosphorylated by the catalytic sub-
unit of cAMP-dependent protein kinase (40 ng) (A); by protein kinase C (72 ng) (B); and by the catalytic subunit of cAMP-dependent protein
kinase plus protein kinase C (C). The standard two-step conditions were used with the following exceptions: both steps were carried out for 10
min; bovine serum albumin and catalase were omitted; [y-32P]ATP (specific activity, 175 cpm/pmol) and nonradioactive tyrosine were used; the
second step was terminated by the addition of NaDodSO4 stop solution. After gel electrophoresis, the Mr 62,000/60,000 tyrosine hydroxylase
doublet, located by autoradiography, was excised and subjected to tryptic/chymotryptic digestion followed by separation on cellulose plates,
first by electrophoresis in the horizontal direction (negative pole left, positive pole right), and then by ascending chromatography in the vertical
direction. o, Origin.

Comparison of Phosphopeptide Maps of Tyrosine Hydroxyl-
ase Phosphorylated by Protein Kinase C and by the Catalytic
Subunit of cAMP-Dependent Protein Kinase. Tyrosine hy-
droxylase, after phosphorylation by protein kinase C, the
catalytic subunit of cAMP-dependent protein kinase, or
both, was subjected to tryptic/chymotryptic digestion and
subsequent two-dimensional separation on cellulose plates.
The pattern in each case was identical (Fig. 5), indicating
that the two kinases phosphorylated the same site(s) on tyro-
sine hydroxylase. Furthermore, analysis of phosphorylated
amino acids indicated that only serine residues were phos-
phorylated (data not shown).

DISCUSSION

The present results support and extend the data of Raese et
al., which suggested that protein kinase C might phosphoryl-
ate and activate tyrosine hydroxylase (33). We found that
phosphorylation and activation of tyrosine hydroxylase by
protein kinase C was characterized by a decrease in the Km
for the 6-MePH4 cofactor, an increase in the Ki for dopa-
mine, no change in the Km for tyrosine, and little or no
change in apparent Vmax under any of the conditions tested.
Similar effects on the kinetics of tyrosine hydroxylase were
found previously when the enzyme was phosphorylated in
vitro by cAMP-dependent protein kinase (e.g., see refs. 14
and 34). Moreover, the cAMP-dependent activation of tyro-
sine hydroxylase in situ has also been characterized by a de-
crease in Km for the cofactor with no change in Km for tyro-
sine and no change in Vmax (e.g., see refs. 8 and 9). The
phosphopeptide maps of tyrosine hydroxylase were identical
whether in vitro phosphorylation was catalyzed by protein
kinase C, the catalytic subunit of cAMP-dependent protein
kinase, or both (Fig. 5). Thus, the similar kinetic effects of
the two kinases on tyrosine hydroxylase activity may be at-
tributable to phosphorylation of the same site(s) on this sub-
strate.
There is evidence that calcium-dependent protein phos-

phorylation may be involved in the in situ activation of tyro-
sine hydroxylase (16, 17, 33, 35). However, it is not yet pos-
sible to attribute the calcium-dependent activation of tyro-
sine hydroxylase seen in intact cells to any one of the known
calcium-dependent protein kinases. In a study of calcium-

dependent activation of tyrosine hydroxylase in vitro (36,
37), the activation was characterized by a decrease in the Km
for cofactor and a small, statistically insignificant, increase
in Vmax. These results are consistent with the present study.
In another study, however, the in situ calcium-dependent,
depolarization-induced activation of tyrosine hydroxylase
was characterized by an increase in Vmax, with no change in
Km for the cofactor (17).
Calcium/calmodulin-dependent protein kinase(s) might be

involved in the in situ calcium-dependent activation of tyro-
sine hydroxylase (34). However, in the present study, calci-
um/calmodulin-dependent protein kinase 1 (21) did not phos-
phorylate or activate tyrosine hydroxylase, and calcium/cal-
modulin-dependent protein kinase II phosphorylated but did
not activate tyrosine hydroxylase (data not shown). It had
been reported previously that calcium/calmodulin-depen-
dent protein kinase II phosphorylated tyrosine hydroxylase
but did not activate it unless a protein activator was present
(35). Clearly, further work will be necessary to identify un-
equivocally the kinase(s) responsible for the calcium-depen-
dent activation of tyrosine hydroxylase in situ and to deter-
mine the physiological significance of the activation of tyro-
sine hydroxylase by protein kinase C.
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